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Axial flow fans used in air-cooled condensers are typically analysed with smooth 
rounded hubs due to their superior performance. However, such a hub increases 
the manufacturing and installation costs of air-cooled condensers. As such, it 
is desirable to use a simpler hub geometry to reduce the total installation cost.
This thesis assesses the impact that a simpler hub configuration m ay have 
on the performance of an axial flow f an. This i s done t hrough a  comparison 
of four hub configurations: a  r ound h ub, a  s quare h ub, a nd t wo d isk hubs. 
Computational fluid d ynamics m odelling u tilizing t he o pen-source software 
code, OpenFOAM, is used to simulate each hub configuration. BlockMesh is 
used to generate the computational mesh required.
It is found that the impact on performance due to hub geometry is depen-
dent on the volumetric flow rate through the f an. At above design point flow 
rates, the square hub configuration has the best performance, providing a 9.5 %
increase in total-to-static pressure rise and a 5.1 % point improvement in total-
to-static efficiency compared to the round hub. On the other hand, a centre 
disk hub provides a 8.4 % improvement in total-to-static pressure rise and a 
5.7 % point improvement in total-to-static efficiency when compared to the 
round hub at 62.5 % of the design flow r ate. At the design point flow rate the 
round and square hubs result in a very similar performance, and superior to 
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Aksialvloeiwaaiers wat gebruik word in lugverkoelde stoom-kondensors word 
tipies ontleed met ’n gladde geronde naaf weens beter werkverrigting van hier-
die konfigurasie. So ’n naaf verhoog egter die koste van vervaardiging en instal-
lasie van die verkoelingswaaier. As sulks, is dit wenslik om ’n meer eenvoudige 
naaf konfigurasie te gebruik om die totale prys van installasie te verminder.
Hierdie tesis evalueer die impak op werkverrigting van ’n verkoelingswaaier 
met ’n meer eenvoudige naafkonfigurasie. D it i s g edoen d eur ’ n vergelyking 
van vier naafkonfigurasies: ’ n r onde n aaf, ’ n b oks n aaf, e n t wee s kyf nawe. 
Berekenings vloeimeganika modellering, met behulp van die oopbronsagteware 
OpenFOAM, word gebruik om elke naaf te simuleer. BlockMesh word gebruik 
om die rooster te bou.
Daar word gevind dat die impak op die werkverrigting as gevolg van die naaf-
konfigurasie afhanklik is van die volumetriese vloeitempo deur die waaier. By 
bo-ontwerp punt volumetriese vloeitempo besorg die boks naaf die beste werks-
verrigting met ’n styging van 9.5 % in totale-tot-statiese drukverhoging en ’n 
5.1 % punt vehoging in totale-tot-statiese doeltreffendheid, in vergelyking met 
die ronde naaf. In kontras, bied die sentrale skyf naaf ’n 8.4 % verbetering in 
totale-tot-statiese drukverhooging en ’n 5.7 % punt verbetering in die totale-




die ontwerpsvloeitempo. By die ontwerpsvloeitempo toon die ronde en boks
naaf soortgelyk aan, en doen beter as die skyf nawe.
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Rp Pearson correlation factor . . . . . . . . . . . . . . . . . . . [− ]
r Radius, ratio of adjacent cell sizes . . . . . . . . . . . . . . [m,− ]
s Span, entropy per unit mass . . . . . . . . . . . . . . . . . [−, J/kg ·K ]
T Torque, temperature . . . . . . . . . . . . . . . . . . . . . . [N ·m,K ]




V̇ Volumetric flow rate . . . . . . . . . . . . . . . . . . . . . . [m3/s ]
V Absolute velocity . . . . . . . . . . . . . . . . . . . . . . . . [m/s ]
W Relative velocity . . . . . . . . . . . . . . . . . . . . . . . . [m/s ]
x Length along chord . . . . . . . . . . . . . . . . . . . . . . . [m ]
δxs Smallest cell size . . . . . . . . . . . . . . . . . . . . . . . . [− ]
δxl Largest cell size . . . . . . . . . . . . . . . . . . . . . . . . . [− ]
y1 First cell height . . . . . . . . . . . . . . . . . . . . . . . . . [m ]
Greek Symbols
α Angle of attack, Constant of geometric progression . . . [ o,− ]
β Relative velocity angle . . . . . . . . . . . . . . . . . . . . . [ o ]
ε Turbulence dissipation rate . . . . . . . . . . . . . . . . . . [ J/kg · s ]
η Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [− ]
θ Angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ o ]
µ Dynamic viscosity . . . . . . . . . . . . . . . . . . . . . . . . [ kg/m · s ]
ζ Stagger angle . . . . . . . . . . . . . . . . . . . . . . . . . . [ o ]
ρ Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [ kg/m3 ]
ν Kinematic viscosity . . . . . . . . . . . . . . . . . . . . . . . [Pa · s ]










i+ 1 Next number
i− 1 Previous number
l Lift
r Polar coordinate r
s Static
t Total, tip
R Hub Round hub
r Rotor, relative
x Cartesian coordinate x
y Cartesian coordinate y
z Cartesian, Polar coordinate z
θ Polar coordinate θ





ACHE Air-cooled heat exchanger
BSP Blade surface pressure
CFD Computational Fluid Dynamics
CSV Comma separated values
DNS Direct numerical simulation
DPIV Digital particle image velocimetry
FVI-ZGO Fixed value inflow, zero gradient outflow
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LES Large eddy simulation
P3DM Periodic three-dimensional model
PISO Pressure implicit with splitting of operator
RANS Reynolds averaged Navier-Stokes
RMSD Root-mean-square difference





Air-cooled heat exchangers (ACHEs) are used to provide process cooling in
a range of industries, including chemical processing and power generation.
ACHEs offer advantages over alternative cooling methods, such as wet cool-
ing and once-through cooling, by providing a significant reduction in water
consumption (Kröger, 1998; Kohli and Frenken, 2011). This is, therefore, an
attractive cooling method for technologies such as solar thermal power gener-
ation, as these facilities are often located in arid regions where lack of water
is a significant factor.
The drawback of ACHEs is the reduction they cause in overall cycle efficiency.
This is due to the poor thermal capacity of air, decreasing the cooling capacity
of the condensation phase. To mitigate this, many large diameter axial flow
fans are used to motivate the air over the heat exchangers. An example of this
is Matimba power station, which makes use of 288 fan units with 9 m diameter
fans powered by 270 kW electric motors (Kröger, 1998). Due to their number
and scale, improvements to the efficiency of these axial flow fans will have a
significant, positive impact on the efficiency of the entire cycle.
Figure 1.1b shows the composition of an ACHE fan. The fan consists of a set
of fan blades attached to a hub. This hub is rotated by an electric motor via
a gearbox. The fan and hub unit is encased in a shroud which is connected
upstream to a rounded bellmouth. The bellmouth and hub both act to direct
the flow smoothly to the fan blades, where the work on the fluid is imparted.
1
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Figure 1.1: ACHE a) unit, b) fan
The hub is a much overlooked aspect of the fan assembly. Smooth, bulb-
shaped hubs are often analysed due to the superior performance of fans using
these hubs. These hubs are, however, difficult to manufacture and install on
the scale of a typical ACHE unit (with fan diameters over 9 m). The aim
of this thesis is to research the effect of using a simplified hub geometry that
could reduce the capital cost and complexity of an ACHE fan unit. Simpler
geometries would be preferred from both an economical and an ergonomic point
of view. However, it is difficult to recommend simpler hub geometries without
a proper understanding of the physics underlying their performance. As such,
this thesis sets out to construct a computational fluid dynamics (CFD) model
to investigate the associated fluid structures and the effect on performance
that different hub configurations have on an axial flow fan.
1.2 Research Objectives
The objectives of this thesis are as follows:
1. Investigate the effect of hub configuration on the performance
of an ACHE fan. Four different hub configurations are compared
through assessment of their characteristic curves, flow visualisation, and
averaged distribution of flow variables. This aims to present a clear and
concise relationship between hub configuration and fan performance in
order to provide additional information for ACHE fan design.
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2. Perform fluid simulation of an ACHE fan through use of open-
source numerical modelling. Open-source software allows for lower
costs of flow simulations. By making use of and validating an open-
source generated model, the prospect of using open-source software for
numerical modelling is determined. As such, this thesis describes the
generation of the fan numerical model in detail in order to aid future
research.
1.3 Thesis Overview
An overview of the contents of this thesis is as follows:
• Chapter 2 identifies existing literature that gives insight to axial fan
hubs and performance. An investigation of computational methods is
performed in order to understand the needs to successfully model an
axial flow fan.
• Chapter 3 discusses the shape and dimensions of the domain used. Based
on this, a mesh is constructed. The construction of this mesh is described
in detail.
• Chapter 4 describes the required setup in order to solve the Navier-Stokes
equations. This composes of the boundary conditions, choice of solver,
and discretization schemes. Lastly, a convergence criteria is set to define
a solved simulation.
• Chapter 5 validates the model against existing experimental data. This
is done through a comparison of the fan characteristic curves and blade
surface pressure data.
• Chapter 6 discusses the results of all simulations performed between dif-
ferent hub configurations. This is accomplished by making use of charac-
teristic curves, streamlines and contour plots, flow variable evaluation in
and around the rotor region, and blade force and pressure distributions.
• Chapter 7 concludes the work by summarising the results discussed in
Chapter 6 and identifying a link between axial flow fan performance and





Existing literature that relates to the thesis objectives are discussed below.
First, the background of the fan to be modelled is presented. Then existing
research into axial fan hubs is considered and their findings briefly discussed.
Important phenomena at off-design conditions are considered. The literature
study concludes with assessing modelling techniques for axial flow fans.
2.1 B2a Axial Flow Fan
Venter (1990) investigated the effects of flow distortion elements and design
considerations for an air-cooled condenser (ACC) fan. Venter found that an
increase in hub to tip ratio (from 0.15 to 0.289) lead to significant improvements
in fan efficiency due to a reduction of reverse flow near the hub region. This
lead to Bruneau (1994) designing the B1- and B2-fans in order to improve
ACC fan performance. The B1-fan made use of the Clark-Y aerofoil while
the B2-fan used the NASA LS series profile. Other than this, both fans were
developed for the same low pressure rise and high flow rate requirements typical
for a fan used in ACC applications, using a free-vortex design. Following from
its introduction, the B2-fan was used in numerous academic investigations at
Stellenbosch University.
Louw et al. (2012) improved the B2-fan by the design of the B2a-fan. The B2a-
fan used the same basic profile, chord, and stagger values as the B2-fan. The
profiles where changed to be wrapped around the hub as constant cylindrical
cross-sections. This difference is highlighted in Figure 2.1.
4
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Figure 2.1: Difference between the B2- and B2a-fan as provided by Louw
(2015)
Louw (2015) performed both experimental and numerical testing on the B2a-
fan. The experimental study included total-to-static pressure rise, shaft torque,
rotational speed, and blade surface pressure measurements at a wide range of
flow rates. The numerical results contain the same data, as well as velocity
and pressure profiles at the inlet and outlet of the rotor region. The near
free-vortex design of the fan was confirmed by assessing the velocity profiles.
2.2 Hub Effects on Axial Flow Fans
No published research could be found that focused primarily on hub effects of
axial flow fans. Despite this, many observations of hub effects have been made
due to its influence on fan performance.
Longhouse (1977) investigated the effects of adding serrations to an axial flow
fan blade to mitigate vortex shedding noise. He observed that fan stall occurs
locally at the hub and is induced by the leading edge of the blade. By adding
serrations to the leading edge, the boundary layer is energised and delays the
onset of stall.
Wallis (1983) covers detailed design procedures for axial flow fans. In these
procedures, a recommendation is made to make use of a ‘streamlined’ body as
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a hub. Such a streamlined body is shaped like a teardrop, with its maximum
radius at 40% of its length. The fan blades would then be placed on this max-
imum point, resulting in a slightly more oblique upstream shape and a smooth
reduction downstream of the fan. Wallis (1983) states that the nose fairing can
be shortened into a hemispherical shape (round hub), where the tail should
rather be stretched to discourage flow separation. Such a streamlined body
would negate flow separation occurring downstream of the fan. The imple-
mentation of this would, however, be impractical, given the space restrictions
inside of an ACC.
Venter (1990) showed that hub geometry has a large impact on axial flow
fan performance. He noted that dramatic reversed flow was seen at the fan
hub with the blade stems exposed, and the severity scaled with an increase in
static pressure. With a thin disk installed over the blade roots, an increase in
efficiency was noted at lower flow rates at the cost of a decrease in efficiency at
higher flow rates. The crossing point was observed to occur at a much higher
flow rate when the disk was installed downstream compared to upstream of
the blade.
Downie et al. (1993) measured the spanwise flow profiles downstream of three
different axial flow fans. These measurements were done over a range of flow
rates, with particular attention paid to flow rates below the design point value.
A trend was found that showed that reverse flow originates at the hub at lower
flow rates, but that the flow remains attached at higher flow rates. Further-
more, due to recirculation, a large increase in radial velocity was observed at
lower flow rates.
Estevadeordal et al. (2000) compared results from a panel code to digital par-
ticle image velocimetry (DPIV) data for a low-speed axial flow fan with a
square hub. Differences were found between the two methods due to bound-
ary layer growth on the surface of the hub. This thick boundary layer caused
flow stagnation on the pressure side of the blade. It was further suggested
that separation over the square shaped hub causes flow acceleration through
the rest of the rotor domain.
Duesimi (2015) investigated the effect of different hub configurations on the
static pressure and static efficiency of the B2a-fan. Amongst the hub configu-
rations tested was a square hub, a thin disk placed over the root of the blades,
and a rounded nose hub. These hubs are shown in Figure 2.2, as provided by
Duesimi (2015).
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(a) Square hub (b) Disk hub (c) Round hub
Figure 2.2: Hub configurations used by Duesimi (2015)
It was found that at design point and higher volumetric flow rates, the square
hub provided the highest total-to-static pressure rise and efficiency, while the
disk hub performed worst in both measures. The difference at design point
between the square hub and the disk hub is about 5 Pa and 5% (absolute
value) for total-to-static pressure rise and efficiency, respectively. At 62.5%
of design flow rate, the disk hub provided the highest total-to-static pressure
rise. At this flow rate, the total-to-static pressure rise is 20 Pa higher than that
of the worst performing square hub. The difference in efficiency between the
three geometries is negligible at this flow rate, with the round hub performing
marginally better than the other two configurations.
Wilkinson et al. (2019) found similar results when comparing the performance
of a disk hub and square hub on the M-fan. Once again, the disk hub resulted
in superior efficiency at low flow rates, while the square hub’s performance was
better at higher flow rates. Furthermore, the difference in pressure rise between
the two hub configurations are minimal and dependent on blade setting an-
gle. Wilkinson et al. (2019) fails to make any conclusions on the reasons for
the difference in performance for the two hub configurations, which suggests
research into this has yet to be performed.
2.3 Off-design Operation of an Axial Flow Fan
After reviewing literature on different hub configurations and their relevant
performance effects, it is noted that many of these effects are functions of the
operational flow rate relative to the design flow rate of the fan.
Axial flow fans are designed to operate at a single design point. However,
distorted inlet conditions and fan position within an ACC array leads to a
higher than designed for pressure duty (Van Der Spuy and Von Backström,
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2015). This leads to a reduction in the volume flow rate passing through the
fan.
Himmelskamp (1947) investigated a twin-bladed propeller using blade surface
pressure measurements. It was found that the high angle of attacks experienced
by the blades due to low flow rates produced significantly more lift than a two-
dimensional aerofoil could achieve. This was thought to be due to delayed stall
occurring in the rotating blade. This was investigated further by Gur and Aviv
(2005) who confirmed that high radial flow at low flow rates causes delayed
boundary layer separation due to the Coriolis effect. Gur and Aviv (2005)
conclude that the linear region of lift against angle of attack for a rotating
blade extends past that of an equivalent two-dimensional blade.
Meissner (2018) showed that at lower flow rates, recirculation occurs at the
hub. This recirculation causes blockage and results in the fan outlet containing
a high radial flow component.
2.4 Axial Flow Fan Modelling
A review of literature discussing the numerical modelling of an axial flow fan
is performed.
2.4.1 Typical Flow Domain
ISO 5801 (2007) specifies four different test categories for axial flow fans, shown
in Figure 2.3. These can be summarised as:
• Type-A: Open inlet and open outlet
• Type-B: Open inlet and ducted outlet
• Type-C: Ducted inlet and open outlet
• Type-D: Ducted inlet and ducted outlet
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d) Type-Dc) Type-C
b) Type-Ba) Type-A
Figure 2.3: ISO 5801 fan testing facility types
The Type-D setup was used by Angelini et al. (2017), Beiler and Carolus
(1999), Corsini and Rispoli (2004), Wilkinson (2017), Sahili et al. (2013) and
Zuzul (2017) in order to model the performance of axial flow fans. The compu-
tational domain consists of an annulus that effectively extends the shroud and
hub zones axially. This allows for a reduction in the size of the computational
domain while still maintaining an accurate solution (Louw, 2015). As such
this would be the model of choice for studies that do not consider hub effects.
Le Roux (2010) made use of a Type-A domain to model the B2-fan. This
was done to include the effects of the hub and more closely relate to the
experimental testing of the fan. A square shaped hub was analysed due to
easier mesh construction with a hexahedral cell meshing strategy. Le Roux
(2010) had difficulty in modelling the outlet of the domain due to reverse flow
occurring at the domain exit. To prevent this, he employed a pinch at the
outlet of the domain, shown in Figure 2.4, to accelerate the flow and avoid
recirculation. This was found to help stability at low flow rates, but a domain
without a pinch produced better results when converged.
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Figure 2.4: Domain used by and adapted from Le Roux (2010)
Augustyn (2013) implemented the same domain as Le Roux (2010), but did
not make use of a pinch at the outlet and overcame the backflow issue by
specifying the top wall on the outlet region to be an outlet boundary that
allows reverse flow. This improved stability and allowed a domain without a
pinched outlet to converge at flow rates down to 0 m3/s.
Louw (2015) also made use of the Type-A setup, as it is believed that the
hub and settling chambers may affect the flow field around the fan. Rather
than a square hub as used by Le Roux (2010) and Augustyn (2013), a round
nosed hub was modelled. This was due to the equivalent ease of meshing
when using polyhedral cells and the smoother flow occurring over the round
hub leading to a more stable solution. Louw (2015) made use of the same
boundary conditions as Augustyn (2013) and was able to accurately model
fan performance down to 25% of the design volumetric flow rate. This setup
has since been used successfully by Meissner (2018) and is the preferred method
of modelling when there is an interest in hub effects.
2.4.2 Periodic Boundaries
A simplifying assumption often made when modelling turbomachinery is the
use of periodicity. This allows for simplification of the domain, in order to
consider only one blade passage, as shown in Figure 2.5. To accomplish this,
a periodic boundary is assigned to the tangential planes where the flow is
translated rotationally from one face to the other. The validity of this method
was tested by Louw (2015), who found that a fair correlation was obtained
between a fan tested using a periodic section and experimental result. Corsini
et al. (2013) concluded that the use of a periodic boundary condition is valid
for modelling fans in a steady-state solution. The use of a periodic domain is
however limited in transient simulation or fans with high blade solidity. This is
due to the onset of rotating stall, which is not necessarily a phenomenon that
is periodic between single blade passages. Transient simulations may, however,
be required at lower flow rates (Louw, 2015).
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Periodic plane 1 Periodic plane 2
Figure 2.5: Fan periodic planes
2.4.3 Turbulence Modelling
As with the majority of engineering flows, the flow in an ACC fan is turbu-
lent. Turbulence can be solved directly through the use of a method known
as direct numerical simulation (DNS). Here, the turbulent eddies are directly
resolved using the Navier-Stokes equations. These eddies may occur at a very
wide range of temporal and spatial lengths and contain high vorticity, dissi-
pative and diffusive effects (Ferziger, 2002). As a result, this method requires
excessive computational resources.
Large eddy simulation (LES) fully resolves large, anisotropic eddies whilst
only modelling the smaller isotropic eddies. This provides the advantage of
not needing as fine a mesh to resolve turbulence effects compared to DNS, but
still fully resolving the larger eddies that interact with the mean flow energy
(Versteeg and Malalasekera, 2007). LES is mostly reserved for noise modelling
due to a still very high computational requirement (Winkler et al., 2012).
In the Reynolds averaged Navier-Stokes (RANS) formulation, unsteady eddies
are not directly resolved, which relaxes the fine mesh and temporal require-
ments. Instead, the eddies are modelled using further transport equations.
The most common RANS turbulence models used in assessed literature is the
Spalart-Allmaras one equation model (Spalart and Allmaras, 1994), the k-ε
family of models, and the k-ω family of models.
Le Roux (2010) made use of the Spalart-Allmaras turbulence model to model
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the B2-fan, however, recommended that a k-ε model be investigated for future
fan modelling.
Augustyn (2013) investigated three two equation k-ε turbulence models: the
standard model (Launder and Sharma, 1974), the RNG model (Yakhot et al.,
1992), and the realizable model (Shih et al., 1993). He found that the standard
model deviated significantly from the experimental data, the RNG model only
matched experimental data at low flow rates, and the realizable model corre-
lated well with experimental data at and below the design point volumetric
flow rate.
Louw (2015) also considered multiple turbulence models for modelling the B2a-
fan. Comparisons were drawn based on the deviation from experimental value
of the total-to-static pressure raise. At the design point, the realizable k-ε
model deviated from the experimental result by 7.5% compared to both the
three equation k-kl-ω (Walters and Cokljat, 2008) and the four equation SST
transitional (Langtry and Menter, 2009) deviating by 1.5%. At low volumetric
flow rate, the realizable k-ε deviation was 5.7% and the k-kl-ω 3.5%. Despite
the larger discrepancy, the realizable k-ε model was preferred due to faster
solution times.
Angelini et al. (2017) made use of the two equation low-Reynolds cubic k-ε
turbulence model (Lien and Leschziner, 1994) to simulate an axial flow fan.
Angelini et al. achieved an error of 3.3% on pressure rise and 1.8% points on
efficiency.
Wilkinson (2017) compared the standard and the realizable k-ε turbulence
models to that of the SST transitional model. No experimental data was
available for validation, and a large discrepancy was seen in the k-ε models and
the SST transitional model. The realizable k-ε model was used due to reduced
convergence times and correlating better with the standard k-ε model.
Zuzul (2017) made use of the two equation k-ω SST (Menter, 1993) turbulence
model to simulate the performance curve of the transonic NASA Rotor 67
turbofan. A discrepancy in the pressure ratio of about 4% and 1% in choke
mass flow rate was found when compared to experimental data.
Meissner (2018) assessed the use of different turbulence models by simulat-
ing the aerofoil profile that the B2a-fan’s blade is comprised of. He found
that the realizable k-ε model compared poorly to experimental data, with
the SST transitional model fairing better, and the Spalart-Allmaras turbu-
lence model comparing best with the experimental data. Despite this, the k-ε
model performed favourably compared to the Spalart-Allmaras model when a
three-dimensional analysis of the fan is assessed.
Araujo et al. (2017) studied the difference between the k-ε and k-ω models
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in a backwards facing step simulation and compared the results to a DNS
simulation done by Kopera (2011). This is a good benchmark due to the
similarity of flow over the back of the hub. Their results show that the k-ω
SST model performed the best of the RANS models and that the k-ε model
performed poorly in regions of adverse pressure gradients.
The turbulence modelling assessment is summarised in 2.1.




Le Roux (2010) Spalart-Allmaras Recommends k-ε
Augustyn (2013)
Standard k-ε Significant deviation from experi-
mental
k-ε RNG Successful at low flow rates
k-ε realizable Successful at design and lower
flow rates
Louw (2015)
k-ε realizable Deviation of 5.7% - 7.5%
k-kl-ω Deviation of 1.5% - 3.5%. Long
solve time
SST transitional Deviation of 1.5%. Long solve
time
Angelini et al. (2017) k-ε cubic Deviation of 1.8% in efficiency.
3.3% pressure rise
Wilkinson (2017)
Standard k-ε Similar to k-ε realizable
k-ε realizable Similar to standard k-ε
SST transitional Large deviation to standard and
realizable k-ε
Zuzul (2017) k-ω SST Deviation of 4% to pressure ratio
and 1% to choke flow rate
Meissner (2018)
Spalart-Allmaras Good correlation for 2-D, poor
correlation for 3-D
SST transitional Fair correlation for 2-D
k-ε realizable Poor correlation for 2-D, Good
correlation for 3-D
Araujo et al. (2017) Standard k-ε Poor correlation
k-ω SST Good correlation
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2.5 Concluding Remarks
Axial flow fans such as those used in mechanical draught air-cooled condensers
generate large recirculatory flow in their wake close to the hub region. Inclu-
sion of different hub designs can mitigate this recirculation, but the choice of
hub geometry also affects the pressure rise and efficiency. Literature suggests
that a thin disk hub yields superior performance below design volumetric flow
rate and that placing the disk downstream seems favourable when compared
to placing it upstream of the blade centre. A larger box hub excels in the
region above the design volumetric flow rate when compared to a thin disk.
No research was found that considers the effects of shortening/lengthening the
hub. Overall, trends are seen in terms of total-to-static pressure rise and effi-
ciency for different hub configurations but the differences are relatively small.
These effects are found to be strongly linked to the operating point of the fan
relative to its design point.
Published CFD research modelling axial flow fans made use of one of two
different domain types. Of these two, only the type-A domain is used when
modelling fan hubs. The use of a periodic domain is acceptable for axial flow
fans, where only a single blade passage is modelled, with the exception of
low flow rates and high solidity fans. The majority of surveyed research that
model axial flow fans make use of a two equation turbulence model, due to
their faster solution times and acceptable accuracy. All but one making use of
the k-ε family of turbulence models, although it has been found that the k-ω




This chapter describes the geometry of the domain and the construction of
its computational mesh. One of the aims of this thesis is to make use of
open-source software. As such blockMesh, a standard meshing utility that is
packaged with OpenFOAM, is used to construct the mesh. In order to create
a high quality mesh, mesh performance metrics are considered throughout the
construction of the mesh. This chapter describes the fan and domain used,
mesh quality metrics, a brief overview of the blockMesh utility, and how the
mesh was constructed for the different geometries.
3.1 B2a-Fan
The ACC fan used in this study is the B2a-fan. The fan was developed by
Bruneau (1994) and modified by Louw et al. (2012). It was designed for the
low pressure rise, high flow rate required for ACCs and is based on a free-vortex
design methodology.
The design specification of the B2a-fan is summarised in Table 3.1 and the fan
itself is shown in Figure 3.1.
15
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Table 3.1: B2a-fan specifications
Number of blades 8
Casing diameter 1.54 m
Hub-to-tip ratio 0.4
Blade stagger angle at hub 59o
Design speed 750 rpm
Design volumetric flow rate 16 m3/s
Figure 3.1: B2a-fan (Louw, 2015)
The blade profile varies linearly from the NASA LS 0413 aerofoil at the hub to
the NASA LS 0409 at the tip. The two profiles are the same with exception to
thickness, with the maximum thickness varying from 13% at the hub to 9%
at the tip. This allows for a stronger blade at the hub and a lighter blade at
the tip.
The blade profiles are wrapped around the hub such that the profile is described
in a cylindrical rather than cartesian coordinate system. Both the chord and
stagger angle varies from hub to tip, and these are expressed in Equations 3.1
and 3.2, respectively, as a function of blade radius (Louw, 2015).
ch = −67.013r + 204.667 [mm] (3.1)
ξ = 121.22r3 − 277.87r2 + 229.15r + 12.22 [o] (3.2)
The resultant blade profile is shown in a stacked view in Figure 3.2
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Figure 3.2: Stacked blade profile
3.2 Domain
The literature study concluded that two domains are primarily used for mod-
elling of axial flow fans. The first simulates the fan inside a duct (similarly
to a type-D setup), where the second is that of an open inlet and open outlet
(similar to a type-A setup). As no evidence has been found of successful mod-
elling of the hub region in a ducted setup, it was concluded that an open inlet
open outlet setup is preferable.
Literature also suggests that a periodic method may be employed, simplifying
the domain to a single blade passage. In the case of the eight bladed B2a-fan,
a 45° (1/8th revolution) wedge with periodic sides can be used. This method is
referred to as the periodic three-dimensional model (P3DM) and was verified
to be valid for the B2a-fan by Louw (2015).
A meridional section of the domain is shown in Figure 3.3, along with most
major dimensions. Louw (2015) conducted a domain sensitivity analyses for
the B2a-fan using an open inlet and open outlet domain such as this, and
confirmed that these dimensions place the rotor region suitably far from the
inlet and outlet boundaries to not force unrealistic flow in order to conform to
the boundary conditions.
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Figure 3.3: Computational domain
3.3 Mesh
3.3.1 Mesh Quality Considerations
The discretization of the Navier-Stokes equations used in CFD relies on a high
quality mesh to accurately solve the resulting equations. It is generally ac-
cepted that a hexahedral mesh provides the most accurate results when aligned
to the flow direction (Bern and Plassmann, 1999). These cells are assumed to
consist of equal length sides with edges being orthogonal to one another. How-
ever, non-perfect cells are commonly used due to curvature present in most
objects being modelled. As such, mesh quality is an important consideration
for any CFD study. For this thesis, the major mesh quality concerns are that
of orthogonality and skewness.
Figure 3.4a shows an example of a pair of non-orthogonal cells. Cell orthogo-
nality is defined as the angle between two cell centres and the perpendicular
bisection of the common face of those two cells (OpenFoamWiki). In the case
of Figure 3.4a, this angle is represented as θ.
An example of skewness is shown in Figure 3.4b. The skewness value can be
calculated as d/c. Here, the length c is the distance between two cell centres
and the length d is the distance from the centre of the common face of the two
cells and the point at which the line between the two cell centres intercepts
the shared face.
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(a) Orthogonality (b) Skewness
Figure 3.4: Mesh quality considerations
OpenFOAM is packaged with a utility known as checkMesh that evaluates the
mesh quality and statistics. It will issue a warning for any mesh that contains
any cell exceeding an orthogonality of 70° or a skewness of 4. This acts as a
guideline for the upper limit of these mesh parameters.
3.3.2 BlockMesh
BlockMesh is a meshing utility packaged within OpenFOAM that is used to
construct structured, hexahedral meshes. BlockMesh makes use of vertices
that define the position of a block’s 8 corners as shown in Figure 3.5. Within
each block, the number of cells in each principal axis direction is specified along
with a cell grading in each direction. The faces of two blocks that overlap are
automatically merged, while the faces of blocks with no neighbouring face
require a boundary name. Once blocks are formed, it is possible to alter the
topology of a face by specifying points that each block edge must pass through.
All of this information is specified in a user-defined file named blockMeshDict.
BlockMesh is able to generate good quality meshes, at a sacrifice of a large
setup time (Wolf Dynamics, 2017). It is possible to construct this file by
hand, however for the purpose of this thesis, manually creating the dictionary
file would be too tedious and time-consuming. As a result, a Python script
is created that reads in a comma separated values (CSV) file containing the
blade profiles at different radial locations. The blade profiles are then used to
generate the mesh.
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Figure 3.5: Block formation in blockMesh (OpenFOAM Guide)
Cell Grading
BlockMesh makes use of a geometric progression to define cell grading within a
block in each of the three axis directions. The cell grading is specified through
a ratio of the smallest and largest cells, R, and calculated using the equations




δxs · α− l
α =
{
R R > 1
1− r−n + r−1 R < 1
δxl = R · δxs
(3.3)
Here l represents the length of the block, n the number of cells in the block, r
the ratio of adjacent cells’ size, R the ratio of largest and smallest cell lengths,
and δxs and δxl the length of the smallest and largest cells in the block.
Figure 3.6 shows the physical meaning of some of these variables.
l
δxs δxl
Figure 3.6: Cell grading
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Throughout the meshing of the domain, cell grading is used to either satisfy
first layer height requirements for wall turbulence modelling, or for minimisa-
tion of cell volume ratios between adjacent blocks. This is done by making use
of an iterative bisection method root finding algorithm (Kearfott, 1979) to find
the cell grading, specified through R, given a set of constraints. This algorithm
is shown in flow chart format in Figure 3.7, where a cell grading is determined
given a length, number of cells, and a target first cell height. Subscripts u, m,
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Figure 3.7: Bisection method flowchart
3.3.3 Methodology
The mesh consists of 4 regions, which are highlighted in Figure 3.8. The rotor
region is constructed first, followed by the inlet region, then the outlet region,
and lastly the hub region. The rotor region is constructed first since the only
geometric input to the meshing process is the CSV file containing the three-
dimensional point locations of the blade at different radial locations. The
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Figure 3.8: Mesh regions
3.3.4 Rotor Region
The rotor region is built up in a two-dimensional manner at distinct radial
locations. Once constructed, these two-dimensional planes are ’bent’ into a
cylindrical plane based on their radial location. The plane is therefore located
in the axial-theta directions. Figure 3.9 shows the mesh structure of this
two-dimensional plane, built using sixteen individual blocks. This is a fairly
universal mesh that takes into account a blunt trailing edge to mimic a realistic
blade profile. It also contains thin blocks around the blade that would allow
for high control of the cell density close to the blade surface and aligning the
cells with the main flow direction.
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Figure 3.9: BlockMesh structure
In order to create the thin zone surrounding the blade, an extrusion algorithm
was executed on the blade surface. For each point along the blade surface,
the points before and after are used to estimate the gradient of the curve
at the currently assessed point. The normal of this gradient is then used to
extrude a curve at the distance that is required to create the desired wall








Figure 3.10: Extrusion method
As part of the algorithm, the two leading edge points must be captured such
that the tangent to the blade profile is roughly 45° to the x-axis. This minimises
the skewness of the cells in this area. This is demonstrated in Figure 3.11,
which shows a block intersection at 45° (left) and at a larger angle (right).
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This illustrates the significantly greater skewness and non-orthogonality that
occurs at such a large angle. The same would be observed for an angle much
shallower than 45°, and so 45° offers the best compromise.
45o 45o
Figure 3.11: Mesh quality at 45° (left) versus a larger angle (right)
Figures 3.12 and 3.13 show coarse example meshes on the hub and shroud
surface for the B2a-fan. The mesh was able to accurately capture the geometry,
but at higher setting angles some issues emerged. Figure 3.12 highlights one
such difficulty at the high setting angle of the hub. It can be seen that the
same number of divisions need to be maintained in the axial direction for the
section upstream of the blade, as well as the section downstream of the blade.
This means that for the section upstream of the blade, the leading edge cells
are much more compact compared to the trailing edge cells, and the opposite is
true for the section downstream of the blade. This leads to overly coarse cells
on the upstream trailing edge and the downstream leading edge, and overly
fine cells on the remaining two corners.
This issue is not as prevalent at lower setting angles, such as at the shroud
shown in Figure 3.13. A different problem that does however occur is that the
areas ahead of the leading edge and behind the trailing edge expand due to
the higher radial location. This causes the cells to coarsen as radial distance
increases.
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Upstream leading edge Upstream trailing edge
Downstream leading edge Downstream trailing edge
Figure 3.12: Coarse rotor section mesh at hub
Upstream leading edge Upstream trailing edge
Downstream leading edge Downstream trailing edge
Figure 3.13: Coarse rotor section mesh at shroud
This effect can be seen in Figure 3.14, showing the front view of the rotor
region. It is caused by the hexahedral cells’ inability to grow from a small
volume at the hub to a large volume at the shroud without some compromise.
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Figure 3.14: Coarse rotor section mesh front view
Cell Size Control
The cell size in the rotor region is controlled in all three axis directions.
The number of cells in the circumferential direction is specified for three dif-
ferent sections; in front of the leading edge, along the blade, and behind the
trailing edge. The cell grading in the circumferential direction is specified
such to create a minimal volume ratio jump in-between the blade section and
leading or trailing edge sections respectively.
The cell size in the radial direction is specified by the number of cells in-
between each radial blade profile height. The first layer cell height can be
specified for both the hub and shroud surfaces by changing the cell grading
in the first and last blocks, and using the root finding method illustrated in
Figure 3.7.
Lastly, the cell size in the axial direction is controlled by specifying the number
of cells upstream of the blade, along the leading or trailing edge of the blade,
and downstream of the blade.
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3.3.5 Inlet Region
Both the inlet and outlet regions are initially constructed in the two-dimension
axial-radial plane. A radial stacking method is used to interface with the rotor
region. Once meshed in two-dimensions, all the vertices are rotated to match
up with the vertices in the circumferential direction defined in the rotor region.
Figure 3.15 shows this region on a coarse mesh, and how it connects to the
rotor and hub regions. The bellmouth is first constructed using a splined
elliptical shape. It is then cut at 45° to ensure reasonable cell orthogonality
(see Figure 3.11). This region is then meshed from the rotor region to this 45°
cut as highlighted in section 1. A smoothing function is also defined for this
section to smooth the edges from the hub region to the bellmouth by making
use of arcs. Section 2 then simply acts to extend the length of the inlet domain,
whilst section 3 extends the mesh in the radial direction to create the open
inlet. Lastly, section 4 meshes the back of the bellmouth. This region is














Figure 3.15: Coarse inlet region mesh
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Cell Size Control
The cell size in the inlet region is defined by two parameters. The first is the
number of cells on the surface of the bellmouth. This constrains the number
of cells in the axial direction of section 1 as well as the number of cells in the
radial direction of the lower half of section 3. The cell grading in the axial
direction of section 1 is set to minimise the volume ratio between the section
and the rotor region.
The second parameter is the maximum cell length, which constrains the axial
length of the cells at the inlet boundary and the radial length of the cells
on the very top boundary. The number of cells and their grading in the axial
direction for sections 2 and 3 is then determined by setting δxl to the maximum
cell length and δxs to the largest cell length of section 1 and performing the
grading calculation algorithm shown in Figure 3.7.
The radial cell density for sections 1 and 2 is controlled by the radial cell count
given in the rotor region. The same is true for the tangential cell density of
all sections. The number of cells on the surface above the bellmouth is half
the number on the bottom surface (section 4 and section 1 respectively). Once
again, this is both due to the low velocities in this region and the fact that the
area is smaller than below the bellmouth.
3.3.6 Outlet Region
The outlet region mesh is similar to that of the inlet region. The major differ-
ence is the exclusion of the bellmouth, which dramatically simplifies the mesh
in this region.
The outlet region mesh is broken up into two sections, as shown in Figure 3.16.
The first section is a simple axial expansion of the rotor region, while the second
section expands radially in order to conform to the open outlet condition.
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Figure 3.16: Coarse outlet region mesh
Cell Size Control
The cell size of this region is controlled through a single parameter; the max-
imum cell length. For section 1, δxl is set to this maximum length while δxs
is set to the hub surface first layer height. From this, the number of cells and
its grading can be determined in the axial direction.
The radial cell density of section 2 is defined by once again setting δxl to the
maximum cell length and δxs to the first layer height at the shroud surface.
The axial density is controlled by section 1, and both sections’ circumferential
density is controlled by the rotor region circumferential cell density.
3.3.7 Hub Region
The hub region connects the inlet and outlet regions to the axis of rotation.
It spans from the inlet boundary to the outlet boundary, with a void where
the hub is located. Three different hub geometries are investigated: a square
hub, a round hub, and a disk hub. These three hub geometries are shown in
Figures 3.17 to 3.19, respectively. It can be seen that the domain for each hub
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geometry differs and, as a result, different meshing strategies are employed for
each.
Figure 3.17: Square hub configuration
Figure 3.18: Round hub configuration
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Figure 3.19: Disk hub configuration
Square Hub
The square hub is the simplest of the hub geometries to mesh, as the problem
is once again only two-dimensional. The two-dimensions considered are the
radial and circumferential directions.
The hub region is described as a cylindrical volume that has been cut into a
45° wedge, as demonstrated in Figure 3.20. The main challenge is meshing
this wedge using a quadrilateral mesh, as the wedge only contains three sides.
Furthermore, the mesh needs to conform to the location of the five vertices
already defined in the circumferential direction in the rotor region as shown in
Figure 3.9.
Figure 3.20: Wedge shape
Figure 3.21 shows how this mesh structure is accomplished. A variation of a
standard structured mesh inside a pipe is used to accommodate the constraints
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of the rotor region.
Figure 3.21: Mesh structure on square hub surface
This two-dimensional mesh is extended from the inlet to the upstream hub
wall and then again from the downstream hub wall to the outlet. This creates
a continuous hub region mesh from inlet to outlet with a gap for where the
hub is located.
Round Hub
The round hub is meshed similarly to the square hub. The only difference
is that at the upstream hub interface, the meshing becomes a fully three-
dimensional problem.
The same structure is used as that of the square hub, except that the vertex
points at the upstream hub wall are offset in the axial direction to follow a
hemispherical shape. The edges are then specified to follow an arc so that the
entire boundary forms a smooth round shape as shown in Figure 3.22. The
rest of the hub region is treated the same as that of the square hub.
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Figure 3.22: Mesh structure on round hub
Disk Hub
The third hub geometry, the disk hub, makes use of the same mesh as the
square hub. There is, however, no gap underneath the rotor region. Instead,
this region is meshed from the start of the rotor region to the end, creating a
nonconformal mesh between it and the rotor region.
Figure 3.23 shows this nonconformity. In order to allow for the transfer of in-
formation between the rotor region and this hub region, a cyclicAMI boundary
condition is used. For this, a master and slave rotor-hub interface is generated
as shown in Figure 3.24. This is a trivial task for the hub region, however, the
rotor region has a hole in the mesh where the blade is placed, as can be seen
in Figure 3.9.
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Figure 3.24: Hub-rotor interface
To remedy the hole in the rotor region mesh, a mesh is generated for the
internal region of the blade. As no leakage through the inside of the blade is
desired, this region is made thin. Figure 3.25 shows this thin internal mesh.
The single cell thickness allows for a completely sealed rotor region interface,
which can then successfully transfer information across to the same interface
located in the hub region.
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Figure 3.25: Blade internal mesh
Due to the axially uniform mesh generated in the hub region underneath the
rotor region, it is trivial to implement an infinitesimally thin plate. This is
done by specifying a baffle using the createBaffles utility, which simply creates
a patch in between cells, and therefore does not make any changes to the mesh.
Figure 3.26 shows the surface mesh of the blade and thin disk. A further
advantage of making use of baffles to define the disk location, is the ability to
move the disk to any axial point in the domain.
Figure 3.26: Disk hub mesh
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Chapter 4
Boundary Conditions and Solver
Settings
With the domain and mesh constructed, the requirements for solving the
Navier-Stokes equations are discussed in this chapter. A requirement for solv-
ing any set of partial differential equations is that each variable is described
by either its value (Dirichlet boundary) or gradient normal to the boundary
(Neumann boundary). These boundary conditions are described herewith.
Furthermore, the methods used to link pressure and velocity and the inter-
polation methods are described. Lastly, a convergence criterion is set which
would define the requirements to consider a solution suitably converged.
4.1 Boundary Conditions
The flow variables of interest are those of the velocity vector (~U), pressure (p),
turbulent kinetic energy (k), and dissipation rate (ε) or specific dissipation
rate (ω) where applicable. These are specified at each boundary shown in
Figure 4.1, with the boundary types being split up into three main categories:
inlet, outlet, and wall.
36
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Figure 4.1: Computational domain
4.1.1 Rotating Reference Frame
A rotating reference frame is employed over the entire domain. However, the
only boundaries that are rotating are the blade and hub. As a result, all other
boundaries are specified as being non-rotating. This means that all boundary
values are given in an absolute reference frame, whereas the hub and blade’s
boundary values are given in the rotating reference frame.
4.1.2 Inlet
The inlet boundary is set to a known velocity value, Uinlet, that is determined
based on the required volumetric flow rate. It is specified as a constant fixed
velocity profile with only an axial component. The pressure is specified as a
Neumann boundary with a zero gradient.
The turbulence properties k, ω, and ε are set based on a mixing length and
turbulence intensity values. The intensity chosen is 1% as recommended by
Louw (2015). The length scale employed is 0.23 m as this is half of the rotor
region channel height.
4.1.3 Outlet
Both the outlet and top outlet boundaries described in Figure 4.1 are treated
the same as they both represent an atmospheric free-stream outlet. The treat-
ment of the top outlet as an atmospheric outlet was found to improve solution
stability by Augustyn (2013). The static pressure at these boundaries is fixed
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in order to set a reference pressure for the solution. The exact value of this
is not important as for an incompressible solver only the pressure difference is
considered. In this case, a value of 0 Pa is used to minimise the size of pressure
values used and thereby minimise round-off errors.
The boundary condition for velocity must be able to handle both inflow and
outflow. In the case of a cell with outflow, a zero gradient condition is applied.
In the alternative case of inflow, the velocity is computed based on the normal
component of the next internal cell. This is known as a pressureInletOutletVe-
locity in OpenFOAM.
A similar boundary condition to that used for the velocity field is employed for
the turbulence properties. Once again, outflow is treated with a zero gradient
boundary, whereas inflow sets a fixed value equal to that used at the inlet.
4.1.4 Walls
All the walls are treated the same. These include the hub, shroud, bellmouth,
blade, and the settling chamber walls. To conform with the no slip condition,
the velocity on the walls is set to 0 m/s and the pressure is set to have a zero
gradient. The boundaries of the blade and hub are in the rotating reference
frame and so their actual velocities will be a function of the radial distance away
from the axis of rotation and the rotational speed of the fan. The turbulence
properties are calculated using a wall function approach. For k, a zero gradient
is adopted, and ω or ε is calculated as shown in equation 4.1, where Cµ = 0.09










The boundary conditions discussed are summerised in Table 4.1.
Table 4.1: Boundary conditions
Property Inlet Outlets Walls
~U fixed value FVI-ZGO1 no slip
p zero gradient fixed value zero gradient
k 1% intensity FVI-ZGO1 wall function
ε or ω 0.23 m mixing length FVI-ZGO1 wall function
1 Fixed value for inflow, zero gradient for outflow
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4.1.5 Periodic Planes
The implementation of periodic boundaries in OpenFOAM is done through
an option of two boundary conditions: cyclic and cyclicAMI. Both are able
to transform flow variables from one patch to another by specifying a rota-
tion axis. The cyclic boundary condition maps information across the two
boundaries using a simple cell to cell connection. As such, the periodic planes
require a conformal mesh in order to work. The cyclicAMI boundary, on the
other hand, makes use of an artificial mesh interface algorithm to interpolate
between cells on the neighbouring periodic boundary. This allows for non-
conformity between the neighbouring patches but may introduce numerical
errors due to interpolation. An investigation done by Chandar and Gopalan
(2016) confirmed OpenFOAM’s ability to model periodicity by using a simple
geometry that made use of a cyclicAMI boundary condition. It was found to
achieve good accuracy at mapping field data between cells with inconsistent
cell centres.
Due to the difficulty of meshing the rotor region in such a way that the periodic
planes have a conformal mesh; the cyclicAMI boundary condition is used.
4.2 Solution Schemes
The SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm
of Patankar and Spalding (1972) is used to calculate the pressure and velocity
field.
To aid with convergence, under relaxation parameters are specified. These
values were found through trial and error, as a compromise between stability
and quick solution time, and are specified in Table 4.2.
Table 4.2: Relaxation factors and divergence schemes




ε or ω upwind 0.6
Table 4.2 also shows the divergence schemes used. The linearUpwind scheme
is used for the velocity terms as a second order scheme provides for an increase
in accuracy compared to first order schemes. Furthermore, the upwind biasing
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contributes to the transportive nature of the flow. The turbulence properties
k, ω, and ε are solved with an upwind differencing scheme.
4.3 Convergence Criteria
In order to assess convergence, the total-to-static pressure rise across the do-
main, as well as the power consumption of the fan rotor is considered. These
parameters are chosen since they define the fan’s performance at a given vol-
umetric flow rate.
For the simulation to be considered converged, the pressure rise must have less
than 0.5 Pa change over 5000 iterations, and the power consumption must have
less than a 50 W change over those same 5000 iterations. These criteria were
chosen since various trial runs showed that no simulations experienced any
noteworthy changes after such a period. An example of a converged solution
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Figure 4.2: Convergence of round hub at design point
Residuals were also monitored to ensure that the partial differential equations
have been reasonably solved. These are shown in Figure 4.3 for the same round
hub at V̇ = 16 m3/s.
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Figure 4.3: Residuals of round hub at design point
4.4 Transient Modelling
Transient modelling was found to be required for the round and square hub
configurations at V̇ = 10 m3/s. The PIMPLE algorithm is used for transient
simulations, which is a combination of the SIMPLE and PISO (Pressure Im-
plicit with Splitting of Operator) algorithms. The PIMPLE algorithm makes
use of the PISO algorithm’s ability to solve transient simulations but uses the
SIMPLE algorithm at each time step to get a converged solution. This allows
for more stability and larger time steps than the standard PISO algorithm.
The time step size is set by specifying a maximum Courant number. Due to
the higher stability of the PIMPLE algorithm, a Courant number larger than
unity may still provide a stable solution. However, a too large Courant number
would result in diffusive errors. It was found through trial and error that a
Courant number of 4 still provided a converging solution, and as such allows
for time steps in the order of four times larger than what would be possible




This chapter aims to validate the numerical modelling done in this thesis. This
is done to build confidence in the model through a study of different turbulence
models and comparison with experimental results.
5.1 Performance Metrics
In order to evaluate the performance of the modelled fan, performance metrics
must be defined. The two main fan performance metrics are total-to-static
pressure rise and efficiency. Total-to-static pressure rise is defined by ISO
5801 as the difference between the total pressure upstream of the fan and the
static pressure downstream of the fan, such that

















where torque (T ) can be calculated numerically by considering the pressure
and viscous forces acting on the blade and hub.
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5.2 Turbulence Modelling
Based on the literature surveyed, the k-ω and k-ε turbulence model families
are often used to model axial flow fans. The accuracies of these models are
herewith evaluated. Another factor to consider with turbulence modelling is
whether the use of wall functions is adequate, or if the boundary layer needs
to be solved. The former is known as a high Reynolds approach, whereas the
latter is referred to as a low Reynolds approach. As a result, three models are
tested; k-ω SST with wall functions, k-ω SST solved through the boundary
layer, and realizable k-ε with wall functions. The k-ω SST and realizable k-ε
models are chosen due to being the most successfully used turbulence models
of their respective families in literature. The models are tested for the round
hub at the design point flow rate of 16 m3/s. Details of the first layer cell
height requirements for the three turbulence models can be seen in Appendix
A.
Large aspect ratios that occur in cells on the hub, and extending downstream
of the hub, for the low Reynolds case caused simulations to diverge. To com-
promise, only the blade wall’s boundary layer was solved, and the rest of the
walls were treated with wall functions. Despite this, the solution was still fairly
unstable and small oscillations were observed in the converged solution.
Table 5.1 shows the results of the three different turbulence models. The k-ε
model performed poorly, whereas the two k-ω models perform similarly well.
Due to its simplicity and faster solution times, the k-ω SST model with wall
functions was selected for use in all further models.
Table 5.1: Turbulence models studied
Turbulence model ∆pf,s [Pa] (error) η (error)
k-ω SST high Re 189 (5.5%) 65.3% (5.2%)
k-ω SST low Re 184 (8.0%) 64.5% (3.9%)
Realizable k-ε 159 (20.5%) 53.0% (14.7%)
Experimental (Louw, 2015) 200 62.1%
5.3 Mesh Sensitivity
A full mesh sensitivity study was performed, as shown in Appendix B. Each
geometry was tested on three meshes with various levels of refinement.
Total-to-static pressure rise and efficiency was monitored over the different
mesh densities, and a deviation was estimated for each successive refinement.
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A mesh with approximately six million cells was found to be sufficiently fine,
without excessively increasing computational time.
5.4 Comparison to Existing Data
To ensure the accuracy of the numerical model, the simulated results are as-
sessed against experimental results. For this, the experimental work of Louw
(2015) will be used. Louw (2015) made use of the B2a-fan at the same scale
as used in the current thesis. One notable difference, however, is that while
Louw’s work involved a 3 mm tip gap, this thesis does not model the tip gap.
5.4.1 Performance Evaluation
Figures 5.1 and 5.2 show the performance of the B2a-fan across a range of
volumetric flow rates. At the design point flow rate, a deviation of 6.0% and
3.6% points is seen for the total-to-static pressure rise and efficiency when
compared to the experimental data.
At a volumetric flow rate above the design point, both the total-to-static pres-
sure rise as well as the efficiency is underpredicted when compared to that of
the experimental results. Louw (2015) and Augustyn (2013) also noted the
difficulty in obtaining accurate simulation results at higher volumetric flow
rates.
At volumetric flow rates below the design point, the numerical results over
predict both the total-to-static pressure rise as well as efficiency. It is suspected
that a large contributor to this difference may be the lack of tip gap modelled
in this thesis. The lack of tip gap would inflate the performance of the fan,
and this effect would be more pronounced at lower flow rates (Downie et al.,
1993).
The combination of these two factors shows a curve that is steeper than the
experimental results found by Louw (2015).
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Figure 5.1: Total-to-static pressure rise comparison between the round hub
and experimental data
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Figure 5.2: Efficiency comparison between the round hub and experimental
data
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5.4.2 Blade Surface Pressure
Louw (2015) performed blade surface pressure (BSP) measurements during
testing of the B2a-fan. Seven pressure taps were placed on the pressure and
suction sides each, at five different radial locations.







where ps is the static pressure on the blade, u is the blade tangential speed at
that height, and ρ is the atmospheric density.
Figure 5.3 shows the BSP results at the five different radial locations, and
compared against experimental results at the design point flow rate of V̇ =
16 m3/s. The x-axis is nondimensionalized to the blade chord at each radial
station. Also included in each figure is a Pearson correlation factor (Pearson,
1895), Rp, and the root-mean-square difference (RMSD). The details of how
the Pearson correlation and RMSD is calculated is described in Appendix C.
A good correlation between numerical and experimental data is found, as
shown by each radial station’s high Pearson correlation. Appendix D com-
pares the BSP data for numerical and experimental data at off-design flow
rates. It is noted that, once again, poorer agreement is obtained at above de-
sign flow rates between the numerical and experimental results, most notably
near the hub.
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 5. VALIDATION 47









Rp = 0.998, RMSD = 0.157
Numerical
Louw (2015)
(a) 10% blade span









Rp = 0.96, RMSD = 0.198
Numerical
Louw (2015)
(b) 30% blade span









Rp = 0.99, RMSD = 0.122
Numerical
Louw (2015)
(c) 50% blade span









Rp = 0.987, RMSD = 0.093
Numerical
Louw (2015)
(d) 70% blade span









Rp = 0.965, RMSD = 0.128
Numerical
Louw (2015)
(e) 90% blade span
Figure 5.3: Blade surface pressure at V̇ = 16 m3/s at sb = (a) 10 %, (b) 30 %,




This chapter conveys the outcome of the simulations performed by comparing
the results obtained from the different hub configurations evaluated in this
thesis. Firstly, the global effect of hub configuration is assessed by comparing
the characteristic fan curves for the different hub configurations. To under-
stand what causes the differences, a qualitative analysis is performed and then
quantified by analysing velocity fields and blade loading.
6.1 Hub Configurations
Four different hub configurations were evaluated in this thesis. These are the:
round hub, square hub, centre disk, and forward disk, as shown in Figure 6.1.
These are abbreviated to R Hub, S hub, CD hub, and FD hub, respectively.
The square hub is 170 mm long and centred about the centre of mass of the
blade. The round hub uses the same geometry as the square hub but with
the inclusion of a ball nose on the upstream side. The centre disk consists of
an infinitely thin disk placed perpendicular to the flow direction, under the
centre of mass of the blade, whereas the forward disk is placed underneath the
leading edge of the blade.
48
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(a) R hub (b) S hub (c) CD hub (d) FD hub
Figure 6.1: Hub geometries
6.2 Fan Performance Comparison
Simulations were performed for volumetric flow rates of 10, 13, 16, and 19 m3/s.
At each flow rate, fan performance is measured using the total-to-static pres-
sure rise, power consumption, and efficiency, as defined in Section 5.1
Curves of total-to-static pressure rise, shaft power, and efficiency over the
chosen flow rates for the four different hub geometries are used to evaluate the
effect of hub configuration on the performance of the B2a-fan. To quantify
the differences between the hubs, the round hub is used as the datum and the
difference between the remaining hubs and the round hub is plotted. This is
so that the difference in performance of alternative hub configurations can be
shown more clearly. These plots are shown in Figures 6.2 to 6.4. The full
characteristic curve of each hub is shown in Appendix E along with numerical
values for the performance at each operating point.
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Figure 6.2: Hub comparison of total-to-static pressure rise
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Figure 6.3: Hub comparison of total-to-static efficiency
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Figure 6.4: Hub comparison of power consumption
It is seen that at 13 and 16 m3/s the total-to-static pressure rise and shaft
power are comparable between the round and square hub. At V̇ = 19 m3/s,
however, the square hub outperforms the round hub’s total-to-static pressure
rise by 5.4 Pa (9.5%), resulting in a 1.8% (5.1% point) increase in efficiency as
well. The inverse is true at V̇ = 10 m3/s, where lower total-to-static pressure
rise and higher shaft power results in significantly lower efficiency.
The centre disk hub shows the opposite trend to the square hub in terms of
total-to-static pressure rise. When compared to the round hub, an increase in
pressure rise is seen as flow rate decreases. At V̇ = 10 m3/s, the total-to-static
pressure rise improves by 32.0 Pa (8.4%) while efficiency increases by 4.1%
(5.7% point). As flow rate increases, the total-to-static pressure rise decreases,
and the relative power consumption increases, leading to significantly lower
efficiency at high flow rates. This trend matches up with the results obtained
by Duesimi (2015).
When the disk is moved to the blade leading edge, the same trend is observed.
The total-to-static pressure rise, however, is dramatically lower than with the
centre disk hub throughout the entire range of flow rates. The decrease in
total-to-static pressure rise ranges from 29.4 Pa to 41.1 Pa (10.0% to 67.0%)
as the volumetric flow rate increases from 10 to 19 m3/s. Instead of an increase
in relative power consumption at higher flow rates, a decrease in relative power
consumption is observed for the forward disk hub. Despite this, the efficiency
overall is worse, due to its sensitivity to total-to-static pressure rise.
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6.3 Qualitative Flow Analysis
To understand what is happening to the flow through the different configu-
rations, a qualitative analysis is performed to investigate the flow structures
around the hub. This is done by considering streamlines and contour plots to
visualise the flow field.
Figures 6.5 to 6.8 show the meridional streamlines near the rotor region for
the design point flow rate. Appendix F shows these streamlines at all four
evaluated flow rates.
Figure 6.5 illustrates the ability of the bellmouth and round hub to effectively
redirect the air from the open inlet into the rotor domain. This differs from
the square hub of Figure 6.6 which exhibits a separation zone on the leading
edge of the hub. Both the round and square hubs exhibit a downstream recir-
culation zone, which is blocked by the hub from entering the rotor region at
V̇ > 10 m3/s.
This is not the case for Figure 6.7 and Figure 6.8 which shows the downstream
recirculating flow interacting with the blade in the disk hub geometries. This
is more prominent for the forward disk hub, which has a larger downstream
recirculation vortex and the vortex core is closer to the blade root. This
effect, paired with the high radial flow in front of the disk, results in these
configurations redirecting more of the flow towards the tip region.
Figure 6.5: Meridional streamlines of the round hub at V̇ = 16 m3/s
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Figure 6.6: Meridional streamlines of the square hub at V̇ = 16 m3/s
Figure 6.7: Meridional streamlines of the centre disk hub at V̇ = 16 m3/s
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Figure 6.8: Meridional streamlines of the forward disk hub at V̇ = 16 m3/s
The sharp corner of the square hub’s leading edge forms a separation vortex.
This is identifiable in Figure 6.6. In order to visualise the vortex, the λ2
criterion is used. The λ2 criteria uses the eigenvalues of the velocity gradient
tensor to determine a vortex core (Jeong and Hussain, 1995). An isosurface
of this is used in Figure 6.9 to show the vortex forming over the square hub






Figure 6.9: Vortex formation over square hub (λ2 = −6× 104 isosurface)
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The vortex spans less than 10% of the blade span, and directly interacts with
the leading edge on the blade suction side. The low pressure induced by
the blade turns the vortex core in the axial direction near the trailing edge,
resulting in the vortex interacting with the next blade’s pressure side. The
magnitude of the vortex and its interaction with the next blade row’s pressure
side grows as the volumetric flow rate increases.
A similar vortex is generated for the disk hub geometries. The vortex forms
and rolls over the disk. Without a hub to reattach to, this vortex is stronger
and interacts to a greater extent with the next blade’s pressure side. This
vortex is shown for the forward disk hub configurations at the design flow rate
in Figure 6.10. Note: a larger λ2 isosurface value is needed to present a legible






Figure 6.10: Vortex formation over forward-flat hub (λ2 = −2×105 isosurface)
6.4 Quantitative Flow Analysis
In order to quantify the flow structures in the rotor region, a quantitative
analysis is performed. Up- and downstream evaluation planes are used in
order to evaluate the flow and forces over the blade.
6.4.1 Evaluation Planes
Evaluation planes are placed a distance of 0.46 chh = 0.085 m from the blade
centre, where chh is the blade chord length at the hub. This marks the inlet and
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outlet of the rotor region and is shown in Figure 6.11. Subscripts 1 and 2 are




















Figure 6.11: Flow characteristics evaluation planes
The flow characteristics are averaged in the circumferential direction. This
represents the two-dimensional evaluation planes into one-dimensional lines in
the spanwise direction. The spanwise direction is nondimensionalized by two
means, shown in Equation 6.1. Sr represents the span fraction from the axis
of rotation to the blade tip radius, while Sb represents the span fraction from










Figure 6.12 shows the velocity vectors considered in the results. Here, ~V
represent the absolute velocity, ~W the relative velocity, and u the tangential
blade speed. The blade speed can be defined at any radial location as u = ωr,
where ω is the rotational speed of the fan in rad/s.
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Figure 6.12: Velocity Vectors
Figures 6.13 to 6.16 shows the axial velocity profiles for all flow rates. The
upstream axial velocity shows that the disk based geometries have a notable
amount of flow passing below the blade root height. This effect is not as
prominent in the forward disk hub configuration due to the disk restricting
the flow from passing under the blade leading edge. This causes the axial
velocity on the lower half of the blade span to be much less than that of the
round and square hubs.
The velocity distribution for the round and square hubs on the upstream side
appear very similar on the upper half of the blade span. However, the square
hub displays reduced axial velocity very near the hub due to the vortex (shown
in Figure 6.9) causing a low velocity zone. The axial velocity then spikes at the
top of the vortex. This effect becomes more severe as the flow rate increases.
The downstream axial velocity distribution highlights the large amount of
recirculation occurring for the disk hub configurations and is slightly more
pronounced for the forward mounted configuration. This recirculating flow
on the lower portion of the blade span causes higher axial velocity over the
remainder of the blade span. The round and square hubs have very similar
exit axial velocity profiles. This is likely due to the similarity in hub geometry
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on the downstream half of the rotor region. Both demonstrate a uniform axial
velocity over the blade span, with a slightly lower axial velocity on the lower
half of the blade span at lower flow rates.
The up- and downstream axial velocity profiles for the round and square hubs
are relatively constant (above V̇ = 10 m3/s), which is expected from a fan
based on a free-vortex design. When the disk hub configurations are used, a
large discrepancy in the flow pattern is seen, demonstrating the impact that



































Figure 6.13: Circumferentially averaged axial velocity at V̇ = 10 m3/s Up-



































Figure 6.14: Circumferentially averaged axial velocity at V̇ = 13 m3/s Up-
stream (left) and downstream (right)
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Figure 6.15: Circumferentially averaged axial velocity at V̇ = 16 m3/s Up-



































Figure 6.16: Circumferentially averaged axial velocity at V̇ = 19 m3/s Up-
stream (left) and downstream (right)
Figures 6.17 to 6.20 shows the tangential velocity profiles. The tangential
component of velocity upstream of the blade is negligible for all the hub ge-
ometries. This is expected, as the incoming flow is modelled as being free from
any swirling or crossflow effects.
At V̇ = 10 m3/s, the inclusion of the recirculation vortex into the rotor region
of the round and square hub become evident. Up to Sb = 0.3, a reduced
tangential velocity component is observed for these geometries. This is due to
the vortex removing the swirling component on the downstream flow.
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Figure 6.17: Circumferentially averaged tangential velocity at V̇ = 10 m3/s.
Upstream (left) and downstream (right)
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Figure 6.18: Circumferentially averaged tangential velocity at V̇ = 13 m3/s.
Upstream (left) and downstream (right)
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Figure 6.19: Circumferentially averaged tangential velocity at V̇ = 16 m3/s.
Upstream (left) and downstream (right)
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Figure 6.20: Circumferentially averaged tangential velocity at V̇ = 19 m3/s.
Upstream (left) and downstream (right)
Lewis (1996) outlines the use of Euler’s turbomachinery equation. In the case
of axial flow turbomachinery, this equation creates a direct correlation between
pressure rise and the change in tangential velocity component. This correlation
can be seen by the increase in the tangential velocity component as flow rate
decreases. Furthermore, in the cases of the round and square hubs, the reduced
tangential velocity component at V̇ = 10 m3/s corresponds with a reduction
in fan performance.
Figures 6.21 to 6.24 shows the circumferentially averaged radial velocity pro-
files. The radial velocity component is often overlooked when analysing axial
flow fans. However, radial flow has been seen to impact the performance of
axial flow turbomachinery, as demonstrated by Himmelskamp (1947).
All hub configurations see a relatively small negative radial flow component
on the upper half of the blade span at the inlet of the rotor region. This is
due to the fan ‘pulling’ air from the open inlet via the bellmouth. Similarly, a
positive radial flow component is seen at the inlet near the blade root. This is
due to the redirection of flow from the hub region to the rotor region by the
solid hub.
It can be seen that with the round hub, the negative radial component at
the tip is larger than the positive radial velocity at the hub on the upstream
evaluation plane above V̇ = 10 m3/s. This coincides with Figures 6.13 to 6.16
which showed that the axial velocity at the tip is also higher than at the
hub, implying preferential flow to the tip of the blade. Both the bellmouth
and round hub turn the incoming air evenly, compared to the large radial
flow spikes observed with other hub configurations. The square hub has a
significantly greater radial velocity component at the inlet of the rotor region,
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 6. RESULTS 62
demonstrating the result of the air not being guided by the geometry. This is
more pronounced at higher flow rates, where the sharp inlet causes an increase
in radial flow velocity over the majority of the fan radius and generates a
separation vortex as a result (shown in Figure 6.9).
This same effect is seen with the disk hub configurations. The largest radial
flow is still seen at the root of the blade, however, the magnitude is much less
than for the square hub.
The radial flow distribution at the exit of the rotor region is similar for the
round and square hub configurations. Both exhibit a uniform profile for
V̇ = 13 m3/s to V̇ = 19 m3/s with an average that shifts from positive to
negative as the volumetric flow rate is increased, and is bounded by the no
slip conditions on the shroud and hub. The reason for increased radial flow at
lower flow rates is due to the recirculation zone behind the hub increasing in
size. This deflects the air exiting the rotor region upwards. Due to the larger
recirculation zone, the disk hub geometries have larger radial flow velocities.
This is clearly shown in Figures 6.7 and 6.8 where the downstream streamlines
are deflected towards the upper portion of the blade span. Furthermore, the
evaluation plane intersects the vortex, causing a large sinusoidal pattern to
develop on the lower half of the span. This is also the case for the round and



































Figure 6.21: Circumferentially averaged radial velocity at V̇ = 10 m3/s. Up-
stream (left) and downstream (right)
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Figure 6.22: Circumferentially averaged radial velocity at V̇ = 13 m3/s. Up-



































Figure 6.23: Circumferentially averaged radial velocity at V̇ = 16 m3/s. Up-



































Figure 6.24: Circumferentially averaged radial velocity at V̇ = 19 m3/s. Up-
stream (left) and downstream (right)
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6.5 Blade Force Analysis
With the flow characteristics up- and downstream of the rotor region assessed,
the flow over the blade is considered. The lift and drag forces generated by the
blade is the primary mechanism for generating pressure rise (Thiart and von
Backström, 1993). Consequently, there is an interest in determining the lift and
drag forces produced by the blade. Based on two-dimensional aerofoil theory,
the force on an aerofoil is nondimensionalized using the velocity crossing over
it, the planform area, and the fluid density (ρ). This nondimensional force is
broken up into the two components, lift (FL) and drag (FD), and corresponding
two force coefficients, CL and CD. These lift and drag coefficients are generally
a function of the fluid Reynolds number and angle of attack.
The three-dimensional blade used for the B2a-fan is considered at radial slices,
which simplifies the blade into a two-dimensional aerofoil. The velocity and
force vectors for such a blade section are shown in Figure 6.25. It can be seen
that the average relative velocity that the blade experiences (Wθ−Z,∞) is a



















Figure 6.25: Velocity and force vectors on a two-dimensional section of the
blade
The crossflow direction is defined from the axial direction using the average
relative flow angle β∞. Similarly, the blade angle is defined from the axial
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direction in Equation 3.2 as ξ. The angle of attack, α∞, is defined as the angle
between the average relative flow angle and the aerofoil chord line:
α∞ = β∞ − ξ. (6.2)
The force vector can be determined by calculating the line integral of the
pressure multiplied by the normal vector over the blade surface, and adding
the wall shear component:
~f =





where ~N represents the surface normal vector. It is noted that this is not a
true force, but a force per unit distance (thus using a lower case f) as it is
integrated over length, and not area. This results in a force vector with known
components in the r-θ-z directions. A coordinate transformation needs to be
done in order to convert these forces into a lift and drag direction:
fL = −fθ cos β∞ + fZ sin β∞
fD = −fθ sin β∞ − fZ cos β∞
(6.4)
From this, the lift and drag coefficients can be defined as
CL =
2 fL
ρ ch W 2θ−Z,∞
CD =
2 fD
ρ ch W 2θ−Z,∞
(6.5)
where the local chord length (ch) is used instead of planform area, as the force
is already a per unit thickness quantity.
Given that the analysis is done for a two-dimensional aerofoil section, XFoil
may be used for comparison. XFoil is an open-source panel code that is able to
solve the boundary layer flow over a two-dimensional aerofoil. Within the cur-
rent thesis, the analysis done on the blade loading of the B2a-fan is compared
to a two-dimensional equivalent case using XFoil. This is done by considering
the Reynolds number and angle of attack at various radial locations on the
B2a-fan blade and inputting this data into XFoil. An automated Python code
written by Erfort et al. (2017) is used in order to interface with XFoil. Only
the data from the round hub case is considered, as this forms the datum used
for comparison.
Since the lift forces expected along an aerofoil is a function of the angle of
attack, this angle is assessed across the blade span. This is shown for all four
flow rates in Figure 6.26.
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It can be seen how the reduced axial velocity near the blade root causes a
very high angle of attack for the disk hub configurations. This is followed by
a rapid reduction in angle of attack, to a minimum occurring between 10 and
20% of the blade span. The location of this minimum increases in span as the
flow rate decreases. A similar trend is observed for the square hub geometry,
however, the magnitude is more consistent between flow rates. Lastly, the
round hub has a fairly linear distribution of the angle of attack along the span,
with a slight decrease with an increase in span.













(a) V̇ = 10 m3/s









(b) V̇ = 13 m3/s













(c) V̇ = 16 m3/s









(d) V̇ = 19 m3/s
Figure 6.26: Averaged angle of a attack in rotor region at a) V̇ = 10 m3/s, b)
V̇ = 13 m3/s, c) V̇ = 16 m3/s, d) V̇ = 19 m3/s
These trends can be seen in the axial velocity plots of Figures 6.13 to 6.16. It is
seen that the disk and square hub geometries have a much lower axial velocity
at the blade root, which would result in a higher angle of attack. The axial
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velocity rapidly increases radially, causing a decrease in angle of attack. The
square hub’s axial velocity increases with radius on the upstream side which
is due to the separation vortex occurring on the leading edge of the hub. The
disk hub configurations’ peak axial flow occurs on the downstream side and is
due to the downstream recirculation creating a nozzle like effect.
In a similar analysis, Louw (2015) found that the drag force is often an order
of magnitude smaller than the lift force. As such, the lift force is the pri-
mary factor in both generating pressure rise as well as increasing shaft power.
Consequently, only the lift force is assessed in detail.
The spanwise lift coefficient distribution shown in Figure 6.27 correlates to the
angle of attack distribution. At all flow rates, the square hub’s lift is slightly
less than that of the round hub, down to a span of Sb = 0.1. Below this span,
the lift coefficient distribution is slightly higher than that of the round hub.
As the flow rate increases the difference at mid span decreases.
At V̇ > 10 m3/s, the disk hub configurations show lift coefficients that are
slightly higher than for the square and round hub at Sb < 0.1 (except close
to Sb = 0). For Sb > 0.1 however, both the disk hubs produce less lift than
the round and square hubs, with the forward disk producing significantly less
lift. The opposite is true at V̇ = 10 m3/s, where the centre disk transitions
from a higher to a lower lift coefficient at Sb = 0.3. This is identified as being
the radial distance that the recirculation vortex formed behind the round and
square hub terminates.
Also shown in Figure 6.27 is the lift coefficient data from XFoil. A strong
correlation can be seen at higher volumetric flow rates. As flow rate decreases,
a discrepancy develops near the hub region. The attained coefficient of lift
exceeds that which is predicted by XFoil. This is due to the high angles of
attack occurring in the hub region which would result in flow separation of the
blade. The Coriolis effects described by Himmelskamp (1947) results in this
not occurring as early as predicted with purely two-dimensional theory.
Stellenbosch University https://scholar.sun.ac.za
CHAPTER 6. RESULTS 68














(a) V̇ = 10 m3/s









(b) V̇ = 13 m3/s














(c) V̇ = 16 m3/s









(d) V̇ = 19 m3/s
Figure 6.27: Spanwise lift coefficient of blade at a) V̇ = 10 m3/s, b)
V̇ = 13 m3/s, c) V̇ = 16 m3/s, d) V̇ = 19 m3/s
6.6 Blade Surface Pressure
To assess how the lift forces on the blades are generated, the blade surface
pressure (BSP) distributions can be evaluated. This shows where the loading
is located along the blade chord, allowing for a better understanding of the
interaction between the mean flow and blade. Five radial stations were eval-
uated (from Sb = 0.1 to 0.9); however, the difference in pressure distribution
between the different hub configurations became negligible away from the hub.
As such, only the lower two radial stations are discussed in this chapter, while
all radial station results are shown in Appendix D.
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Figures 6.28 to 6.31 show the coefficient of pressure distribution over the blade
chord at two radial stations for the four evaluated flow rates. The coefficient of
pressure non-dimensionalizes the pressure to the vector-average relative flow
velocity, as shown in Equation 6.6. This is used to compare the loading over







A large change in the suction side distribution can be seen between the differ-
ent configurations at Sb = 0.1. The disk hub configurations exhibit a smaller
suction pressure between leading edge and midspan (x/ch = 0.1 to 0.5), but a
larger suction pressure nearing the trailing edge (x/ch = 0.6 to 1.0) forming an
‘S’ shaped distribution compared to the more linear distribution of the round
and square hubs. This effect is most prominent on the forward disk hub and at
higher flow rates. The square hub exhibits an almost linear pressure distribu-
tion, with exception to V̇ = 10 m3/s, decreasing from the minimum pressure
point to the trailing edge. The increased suction pressure near the leading edge
coincides with the location where the separation vortex of Figure 6.9 interacts
with the blade. This suggests that the interaction between the vortex and the
blade causes the pressure distribution to create a more even blade loading.











(a) Sb = 0.1











(b) Sb = 0.3
Figure 6.28: Blade surface pressure at V̇ = 10 m3/s at sb = a) 0.1, b) 0.3
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(a) Sb = 0.1











(b) Sb = 0.3
Figure 6.29: Blade surface pressure at V̇ = 13 m3/s at sb = a) 0.1, b) 0.3











(a) Sb = 0.1











(b) Sb = 0.3
Figure 6.30: Blade surface pressure at V̇ = 16 m3/s at sb = a) 0.1, b) 0.3
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(a) Sb = 0.1











(b) Sb = 0.3
Figure 6.31: Blade surface pressure at V̇ = 19 m3/s at sb = a) 0.1, b) 0.3
At V̇ = 10 m3/s, a large spike occurs in the BSP for the square and round
hubs at 0 > x/ch > 0.6. This was identified to be due to excessive angles of
attack resulting in large blade loading profiles.
Once again, XFoil data found using the round hub’s angle of attack and
Reynolds number is also compared to assess the difference in BSP. Figures
6.28 to 6.31 support Figure 6.27 in illustrating the difference in prediction and
attainment of BSP. The largest difference is seen on the blade suction side,
which further supports the notion that the flow around the rotating blade is
better able to stay attached than predicted.
6.7 Concluding Remarks
Section 6.2 shows that hub configuration can have a significant impact on
fan performance and is a function of the volumetric flow rate. This implies
that there are complex interactions between the hub configuration and the
fan’s operation. A thin disk hub was found to improve the low volumetric
flow rate performance when compared to the round hub, but larger losses are
associated near the design point. In contrast, a thicker square hub geometry
marginally improves performance at above design point flow rates. However,
it underperforms compared to the round hub at lower volumetric flow rates.
By analysing the streamlines through the meridional plane in Section 6.3,
the impact that hub configuration has on the flow regime became clear. A
separation vortex on the leading edge of the square hub can be seen, and
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a large recirculation zone was identified downstream of the blade for the disk
hubs. Section 6.4 quantified these effects by assessing the velocity fields, which
shows how the recirculation zone behind the disk hub configurations cause a tip
preferential in flow, leading to an increase in work done to the flow, illustrated
by Figure 6.27a. This resulted in an improved performance at lower volumetric
flow rates. It also gives reason to the reduction in performance at higher flow
rates, which is due to the poor flow distribution on the lower portion of the
blade and the losses associated with the recirculation zone.
The similarity in impact of the round and square hubs imply that the exclusion
of the hemispherical nose fairing from the square hub has a very small effect on
the flow over the fan. This is due to the changes in flow between the two hub
configurations being localised near the blade root. The majority of the work
imparted onto the flow is done by the tip section of the blade. This means
that small changes near the hub would have a small impact on performance.
The movement of the downstream recirculation zone into the rotor region is
seen at V̇ = 10 m3/s for the round and square hub. This leads to a reduction
in the downstream swirl and an increase in losses, resulting in deleterious
performance.
Section 6.5 shows the lift forces resulting from the differing angles of attack,
as well as the loading on the blade at two radial locations. This illustrates
how the separation vortex forming over the square hub creates a preferable
suction side pressure distribution and thereby increases the lift generated in
this region.
A comparison to two-dimensional data gathered from XFoil illustrates the dif-
ference in predicted blade pressure distribution and attained three-dimensional
pressure distribution. The comparison indicates that two-dimensional data is
insufficient for accurate prediction of the performance of the three-dimensional
blade. This agrees with the work of Himmelskamp (1947) and Gur and Aviv
(2005) on the impact of the Coriolis effect in turbomachinery.
It is further noted that due to the low velocities near the hub region, the
averaged angle of attack through the rotor region may misrepresent the true
angle of attack over the blade. This may gave further reason for the large




This chapter concludes the work done within this thesis. In doing so, the
original research objectives that formed the thesis are assessed. The chapter
concludes by suggesting further research that could follow from this thesis to
further expand the body of knowledge.
7.1 Methodology
One of the objectives of this study was to perform a fluid simulation of an
air-cooled condenser (ACC) fan using open-source numerical modelling. This
was accomplished by making use of a combination of OpenFOAM and Python.
OpenFOAM’s blockMesh utility, in combination with Python, was used to con-
struct the computational mesh. The meshing procedure considered primarily
skewness and non-orthogonality for mesh quality measurement, and resulted in
a mesh with a satisfactory quality. The Python code allowed a choice of three
different hub geometries; a round hub, a square hub, and a hubless mesh. The
createBaffles utility could then be used to generate a thin disk at any axial
location within the hubless mesh to create an infinitely thin disk hub.
In order to solve the partial differential equations required for fluid simulation,
OpenFOAM was used. A convergence criterion was set, and met by all sim-
ulations except for the round, square, and centre disk hubs at V̇ = 10 m3/s.
By using transient simulations, the round and square hubs were successfully
modelled. The convergence criteria had to be relaxed for the centre disk hub
due to large volume ratios at the nonconforming mesh region.
Validation was performed for the round hub, due to the availability of ex-
perimental results for this configuration. Good agreement was found at the
design point, but the total-to-static pressure rise and efficiency was found to
73
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follow a steeper curve than the experimental results. Despite this, a reasonable
agreement was found when comparing blade surface pressure measurements.
7.2 Findings
Four hub configurations were compared; a round hub, a square hub, a centre
disk hub, and a forward disk hub. The round hub was used as a reference due to
the thesis’s aim of determining the possibility of an alternative configuration.
It was found that the square hub formed a separation vortex at the leading
edge surface of the hub, which interacts with the leading edge of the blade near
the hub. The vortex improves the pressure distribution of the suction side of
the blade. This manifests as a higher lift generated near the hub. As the flow
rate increases, the magnitude of this impact increases. This leads to improved
performance at higher flow rates. Losses associated with the vortex decreases
the performance at lower flow rates, and as such, this hub configuration is
found to be favourable at higher flow rates and comparable to the round hub
near the design point flow rate.
The disk hub configurations moves the downstream recirculation vortex closer
to the blade. This results in poor airflow on the lower portion of the blade
surface and leads to a decrease in performance. This is further impacted by a
large vortex rolling over the disk and interacting with the next blade’s pressure
side. As flow rate decreases, the magnitude of the recirculation increases,
causing a tip preferential of the flow. This increases the work imparted on
the flow. Furthermore, the round and square hubs formed a large enough
recirculation vortex at V̇ = 10 m3/s to reduce the swirl on the lower portion
of the blade leading to a reduction in performance at this flow rate.
7.3 Recommendations for Future Work
This thesis succeeded in modelling a 1
8
th fan rotor using only open-source
software. Validation of the simulation could, however, be improved. It was
found during initial simulations that even a small number of poor quality cells
could have a large impact on the final result. Furthermore, some mesh based
anomalies could be identified in the flow, especially for the nonconformal mesh
of the disk hub configurations. As such, a more capable meshing software would
be recommended for future work to save time and increase the reliability of
the results.
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The present work indicates that hub configuration impacts the flow around
a fan to a significant extent. This results in a variance of the characteristic
curves obtained from the fan. An experimental study of these effects should
be carried out to validate these findings.
A comparison between a forward disk and a centre disk hub showed the supe-
rior performance of the latter configuration. An investigation into moving the
disk hub further downstream should be investigated. Furthermore, the effect
of the axial length of the square and round hubs should be investigated to
assess the parameter’s impact on performance.
The present study only considered the B2a-fan. The effect that hub config-
uration has on alternative fans could vary significantly. It is suspected that
hub-to-tip ratio may alter the importance of various fluid structures. As such,
the impact of hub configurations on alternative fans should be investigated.
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An important consideration when modelling turbulence is appropriate wall
treatment. This is due to the extremely thin boundary layers present in tur-
bulent flow. In order to model these thin boundary layers accurately, the cells
along walls must be very fine. The first layer height of wall bounded cells are





where y1 is the first cell height, ν the kinematic viscosity of the fluid, and u∗






where τw is the wall shear stress and ρ the fluid density.
For accurately solving the boundary layer, it is suggested that y+ should not
exceed 2.5 for the k-ω model. This leads to very fine cells being required next
to the wall, which increases with an increase in shear stress associated with
large velocity differences between the wall and freestream velocity. This is
indeed the case for the B2a-fan, as the relative tangential velocity near the
blade reaches 60 m/s.
An alternative method of calculating turbulent boundary layers is through
use of wall functions. This calculates the flow variables outside of the viscous
boundary layer and in the "logarithmic law" region instead. To successfully do
this, a y+ value of at least 30 is required in order to avoid the inertial sublayer,
which would require the viscous sub layer to be solved as well. Furthermore,
the y+ value must be lower than 300, past which wall functions’ accuracy
rapidly diminishes, as this falls outside the entire boundary layer. As a result,
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the smaller one can keep the y+ value while keeping it out of the inertial
sublayer, the better.
The difficulty in using wall functions is maintaining the range of 30 < y+ <
300. This is due to the large variation in shear force experienced over walls.
As part of the validation process while testing difference turbulence models,
the y+ value is monitored. The key areas of interest is the hub, blade and
shroud, as these are the walls that affect the performance of the fan. These
are presented in Table A.1
Table A.1: y+ of simulations during turbulence validation
Simulation Wall Minimum Average Maximum
k-ε high Re
Hub 17 70 190
Blade 11 49 122
Shroud 24 41 206
k-ω SST high Re
Hub 27 87 176
Blade 0.35 36 134
Shroud 23 40 218
k-ω SST low Re
Hub 18 55 100
Blade 0.045 0.44 1.7
Shroud 2.8 33 121
It is noted that OpenFOAM calculates a y∗ instead of a y+, which is defined
as
y∗ =





This closely matches the value of y+, but makes use of turbulent kinetic energy,
k, rather than wall shear.
It can be seen that for the high Reynolds cases, the y+ on the blade is possibly
too small. However, difficulty was experienced in obtaining a y+ value that
completely fulfilled the criteria, due to the large difference in wall speed experi-
enced over the blade. The low Reynolds case mesh was deemed fine enough to
fulfil the y+ requirements on the blade, with the maximum y+ never exceeding




Mesh sensitivity is conducted as part of the validation study of Chapter 5. The
inlet and outlet domain size sensitivity was not required since it has already
been performed by Louw (2015) for the same fan in the same domain setup.
B.1 Methodology
In order to assess the sensitivity of the solution to the mesh density, three
different meshes are generated for each geometry. These three meshes vary
in cell size and the change in results between them will be assessed. It was
found that the square hub required an overall coarser mesh in order to achieve
stable convergence. The disk hub, on the other hand, required a finer mesh
in order to not diverge. It is suspected that this is due to ensuring adequate
data transfer between AMI patch zones.
Two metrics are measured in order to evaluate results; total-to-static pressure
rise (∆Pf,s) and efficiency (η). For each metric, a curve is fitted using an
exponential function as shown in equation B.1
U = C · eh·a, (B.1)
where U is a metric to be assessed, h is a measure of cell size, and C and
a constants to be used for fitting the curve. This allows an estimate of an
’exact solution’ given a cell size of 0. Based on this, each mesh density can be
compared to this ‘exact solution’ and an error estimate can be established.
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B.2 Results
Table B.1: Round hub mesh sensitivity
Number of cells ∆pf,s Error η Error
2.6× 106 196.82 Pa 4.72% 66.14% 2.19%
*5.5× 106 188.65 Pa 0.37% 65.26% 0.83%
11.9× 106 191.69 Pa 1.98% 65.09% 0.57%
Est. exact 187.96 Pa 64.72%
Table B.2: Square hub mesh sensitivity
Number of cells ∆pf,s Error η Error
2.4× 106 192.83 Pa 2.69% 66.08% 2.46%
4.0× 106 192.09 Pa 2.30% 65.58% 1.68%
*6.1× 106 189.26 Pa 0.79% 65.08% 0.91%
Est. exact 187.77 Pa 64.50%
Table B.3: Centre disk mesh sensitivity
Number of cells ∆pf,s Error η Error
*6.7× 106 178.33 Pa 0.81% 60.16% 1.03%
9.3× 106 180.19 Pa 1.87% 60.53% 1.65%
13.0× 106 176.98 Pa 0.05% 59.71% 0.27%
Est. exact 176.89 Pa 59.55%
All three configurations made use of at least one mesh with the same cell
settings, as represented by an *. This is also the mesh settings that were used
for the remaining simulations throughout this thesis. It was found to provide
adequate accuracy whilst minimising computational time requirements, and
the meshes were consistent between hub configurations. Tables B.1 to B.3
show that the error on these meshes are minimal, especially when compared
to alternative meshes. This suggests that the results are not heavily dependent
on mesh density.
It is noted that for the same mesh settings, the different hub configurations
will require different number of cells due to the mesh around the hub.
For context, the mesh density used in the thesis is shown in Figures B.1 for
the round hub.
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Figure B.1: Medium density mesh for round hub
B.3 Mesh Quality
Mesh quality metrics are defined in Section 3.3.1. These mesh quality metrics
are assessed for the meshes used for each geometry, and are summarised in
Table B.4. This shows that the attained mesh quality of the round and square
hub exceeds the requirements set by OpenFOAM, where a non-orthogonality
of < 70o and skewness of < 4 is specified.




Round hub 58.5o (13.2o) 0.9196
Square hub 60.2o (12.5o) 0.9196
Centre disk hub 77.4o (13.1o) 4.6018
The significantly higher maximum skewness and non-orthoganality of the cen-
tre disk hub configuration is due to seven poor quality cells in the internal
region of the blade. As the flow here is insignificant, the quality of these
cells are deemed unimportant. If this region is not considered, the cell quality
metrics align with that of the round hub and square configurations.
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Appendix C
Pearson Correlation and Root
Mean Square Difference
The Pearson correlation factor, Rp and root-mean-square difference (RMSD)
can be used as measures to determine the difference in two data sets. As such,
it is used within this thesis to compare between numerically obtained data,
and experimental data obtained by Louw (2015), for blade surface pressure
(BSP) comparisons.
C.1 Discretization
Both the RMSD and Pearson correlation requires the comparison of discrete
data points. As such, an algorithm is developed that identifies the numerically
obtained coefficient of pressure that correlates with the same blade position
that the experimental coefficient of pressure was determined at. This is demon-
strated in Figure C.1 for the BSP at a height of Sb = 0.1 and V̇ = 16 m3/s.
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Figure C.1: Discretization of numerical data points
C.2 Root Mean Square Difference






where N is the total number of discretized points, and Cpnum and Cpexp is the
numerically and experimentally obtained coefficient of pressures respectively.
The RMSD therefore represents the average difference in the numerical and
experimental results.
C.3 Pearson Correlation
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where cov is the covariance, and σnum and σexp the standard deviation of the
numerical and experimental data respectively.
Rp represents the scatter of data around a line of best fit. A larger scatter of
data represents a poorer correlation between two data sets. In this case the
two data sets is that of the numerically and experimentally obtained pressure
coefficients. This can be represented on a XY plot as shown in Figure C.2. A



















Figure C.2: XY plot of BSP to represent Rp calculation
Pearson correlation coefficient of 1 represents a perfect linear trend between
two data sets, while a coefficient of −1 represents a perfect negative correla-
tion. In the case of comparison to experimental data, a Pearson correlation




D.1 BSP Validation At Off-Design Points
During validation, a comparison of blade surface pressure (BSP) between nu-
merical and experimental data was done. Only the V̇ = 16 m3/s BSP data was
presented in the main body of this thesis, while Figures D.1 to D.4 contains
the BSP comparison of all tested volumetric flow rates. It can be seen that
the largest error generally occurs near the blade tip, and the error grows with
volumetric flow rate. At above design point (V̇ = 19 m3/s), the largest error
is present near the hub. This implies that the deviation between numerical
and experimental at above design point flow rate is due to a different reason
than for the other flow rates.
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Rp = 0.974, RMSD = 0.199
Numerical
Louw (2015)
(a) Sb = 0.1









Rp = 0.998, RMSD = 0.039
Numerical
Louw (2015)
(b) Sb = 0.3









Rp = 0.993, RMSD = 0.076
Numerical
Louw (2015)
(c) Sb = 0.5









Rp = 0.991, RMSD = 0.084
Numerical
Louw (2015)
(d) Sb = 0.7









Rp = 0.988, RMSD = 0.073
Numerical
Louw (2015)
(e) Sb = 0.9
Figure D.1: Blade surface pressure at V̇ = 10 m3/s at sb = a) 10 %, b) 30 %,
c) 50 %, d) 70 %, e) 90 %
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Rp = 0.996, RMSD = 0.091
Numerical
Louw (2015)
(a) Sb = 0.1









Rp = 0.993, RMSD = 0.079
Numerical
Louw (2015)
(b) Sb = 0.3









Rp = 0.994, RMSD = 0.067
Numerical
Louw (2015)
(c) Sb = 0.5









Rp = 0.987, RMSD = 0.071
Numerical
Louw (2015)
(d) Sb = 0.7









Rp = 0.978, RMSD = 0.094
Numerical
Louw (2015)
(e) Sb = 0.9
Figure D.2: Blade surface pressure at V̇ = 13 m3/s at sb = a) 10 %, b) 30 %,
c) 50 %, d) 70 %, e) 90 %
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Rp = 0.998, RMSD = 0.157
Numerical
Louw (2015)
(a) 10% blade span









Rp = 0.96, RMSD = 0.198
Numerical
Louw (2015)
(b) 30% blade span









Rp = 0.99, RMSD = 0.122
Numerical
Louw (2015)
(c) 50% blade span









Rp = 0.987, RMSD = 0.093
Numerical
Louw (2015)
(d) 70% blade span









Rp = 0.965, RMSD = 0.128
Numerical
Louw (2015)
(e) 90% blade span
Figure D.3: Blade surface pressure at V̇ = 16 m3/s at sb = a) 10 %, b) 30 %,
c) 50 %, d) 70 %, e) 90 %
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Rp = 0.673, RMSD = 0.301
Numerical
Louw (2015)
(a) Sb = 0.1









Rp = 0.745, RMSD = 0.234
Numerical
Louw (2015)
(b) Sb = 0.3









Rp = 0.817, RMSD = 0.198
Numerical
Louw (2015)
(c) Sb = 0.5









Rp = 0.874, RMSD = 0.144
Numerical
Louw (2015)
(d) Sb = 0.7









Rp = 0.851, RMSD = 0.135
Numerical
Louw (2015)
(e) Sb = 0.9
Figure D.4: Blade surface pressure at V̇ = 19 m3/s at sb = a) 10 %, b) 30 %,
c) 50 %, d) 70 %, e) 90 %
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D.2 BSP Comparison
In the review of the BSP of various hubs, only the 10% and 30% span measures
were considered in the main body of this thesis. This is due to the relatively
minor effect of hub configuration on the BSP at further radial spans. All 5
radial locations for the 4 different volumetric flow rates are shown in Figures
D.5 to D.8.
Results obtained from XFoil also illustrate the deviation between predicted
two-dimensional blade response and the attained three-dimensional response
for the round hub. It can clearly be seen that near the hub, XFoil largely
underpredicts the suction side pressure distribution. As span increases, a closer
correlation between XFoil and the three-dimensional blade is observed.
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(a) Sb = 0.1











(b) Sb = 0.3











(c) Sb = 0.5











(d) Sb = 0.7











(e) Sb = 0.9
Figure D.5: Blade surface pressure at V̇ = 10 m3/s at sb = a) 10 %, b) 30 %,
c) 50 %, d) 70 %, e) 90 %
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(a) Sb = 0.1











(b) Sb = 0.3











(c) Sb = 0.5











(d) Sb = 0.7











(e) Sb = 0.9
Figure D.6: Blade surface pressure at V̇ = 13 m3/s at sb = a) 10 %, b) 30 %,
c) 50 %, d) 70 %, e) 90 %
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(a) Sb = 0.1











(b) Sb = 0.3











(c) Sb = 0.5











(d) Sb = 0.7











(e) Sb = 0.9
Figure D.7: Blade surface pressure at V̇ = 16 m3/s at sb = a) 10 %, b) 30 %,
c) 50 %, d) 70 %, e) 90 %
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(a) Sb = 0.1











(b) Sb = 0.3











(c) Sb = 0.5











(d) Sb = 0.7











(e) Sb = 0.9
Figure D.8: Blade surface pressure at V̇ = 19 m3/s at sb = a) 10 %, b) 30 %,
c) 50 %, d) 70 %, e) 90 %
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Appendix E
Fan Performance of Various Hub
Configurations
Section 6.2 discuss the variation in total-to-static pressure rise, shaft power
consumption, and efficiency relative to that of the round hub. This was mo-
tivated due to the relatively minor differences in fan performance of different
hub configurations. For completeness, Figures E.1 to E.3 show the complete
curve of all the tested hub geometries. This more clearly shows the exten-
sion of stall margin for the flat plate geometries, as a more linear response is
achieved between total-to-static pressure rise and volumetric flow rate.












dc = 1.542 m
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dc = 1.542 m






Figure E.2: Efficiency curve for all tested hub geometries















dc = 1.542 m






Figure E.3: Fan shaft power consumption curve for all tested hub geometries
Table E.1 presents the numerical values that is illustrated in Figures E.1 to
E.3.
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Table E.1: Fan performance values
Hub configuration Flow rate [m3/s] ∆pf,s [Pa] P [W] η [%]
Round hub
10 379 5249 72.2
13 302 5262 74.6
16 189 4625 65.3
19 58.0 3267 33.7
Square hub
10 370 5232 70.7
13 303 5244 75.1
16 189 4653 65.1
19 63.5 3398 35.5
Centre disk hub
10 411 5386 76.3
13 300 5375 72.5
16 178 4742 60.2
19 44.0 3463 24.1
Forward disk hub
10 370 5524 67.0
13 263 5269 64.8
16 144 4476 51.5




Figures F.1 to F.16 illustrate the meridional streamlines near the rotor region
for all hub configurations at all evaluated volumetric flow rates. This more
clearly shows the large recirculatory vortex that leaks into the round and
square hubs at V̇ = 10 m3/s.
Figure F.1: Meridional streamlines of the round hub at V̇ = 10 m3/s
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Figure F.2: Meridional streamlines of the square hub at V̇ = 10 m3/s
Figure F.3: Meridional streamlines of the centre disk hub at V̇ = 10 m3/s
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Figure F.4: Meridional streamlines of the forward disk hub at V̇ = 10 m3/s
Figure F.5: Meridional streamlines of the round hub at V̇ = 13 m3/s
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Figure F.6: Meridional streamlines of the square hub at V̇ = 13 m3/s
Figure F.7: Meridional streamlines of the centre disk hub at V̇ = 13 m3/s
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Figure F.8: Meridional streamlines of the forward disk hub at V̇ = 13 m3/s
Figure F.9: Meridional streamlines of the round hub at V̇ = 16 m3/s
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Figure F.10: Meridional streamlines of the square hub at V̇ = 16 m3/s
Figure F.11: Meridional streamlines of the centre disk hub at V̇ = 16 m3/s
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Figure F.12: Meridional streamlines of the forward disk hub at V̇ = 16 m3/s
Figure F.13: Meridional streamlines of the round hub at V̇ = 19 m3/s
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Figure F.14: Meridional streamlines of the square hub at V̇ = 19 m3/s
Figure F.15: Meridional streamlines of the centre disk hub at V̇ = 19 m3/s
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Figure F.16: Meridional streamlines of the forward disk hub at V̇ = 19 m3/s
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